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This work uncovers new mechanisms of endothelial cell glycocalyx mediated conversion of fluid forces into diverse biomolecular and biomechanical responses, such as caveola associated signaling and cytoskeleton reorganization.
INTRODUCTION
The extracellular surface glycocalyx (GCX) coat on epithelial cells and many other cell types facilitates cell-cell recognition, communication and signaling, and cell-cell and cell-substrate adhesion 1 .
In the vasculature, an intact GCX coat on blood vessel wall endothelial cells (EC) enables EC functions that are important for vascular health [2] [3] [4] [5] . A degraded GCX promotes EC dysfunction that leads to atherosclerosis 6, 7 -the underlying cause of most heart attacks, strokes, aneurysms, and peripheral vascular disorders 8, 9 . In the present study, we investigate mechanisms by which the GCX initiates EC mechanotransduction, recognizing that many other cell types including vascular smooth muscle cells [10] [11] [12] [13] [14] and cancer cells 15 transduce fluid flow shear stresses into important biological responses.
The single layer of EC that line the inner surfaces of blood vessels is placed in a unique position at the interface between circulating blood and underlying tissue. As a result, the endothelium senses changes in the blood flow environment through fluid shear stress at the EC surface and pressureinduced stretch, and performs mechano-remodeling and mechano-signaling functions that maintain physiological vascular function and defend the integrity of the vascular wall. Perhaps the two most widely recognized flow-induced EC responses are the dramatic elongation and alignment of EC in the axial direction of undisturbed flow, and nitric oxide (NO) dependent vasoactivity, among many others 16, 17 . In disturbed flow conditions where shear stress has a low mean and highly oscillatory character, EC are not elongated, taking on a cobblestone-shaped morphology, and NO dependent vasoactivity is impaired 17 . EC conversion of fluid mechanical forces into biological responsesmechanotransduction-can be centralized or decentralized. In the centralized case, mechanotransduction occurs at a primary site of the luminal cell surface where shear is sensed 18 . In the decentralized case, force is transmitted to remote sites via the cytoskeleton 18 where mechanotransduction occurs.
Many centralized and decentralized EC mechanotransduction events are regulated by the surface glycocalyx (GCX) [2] [3] [4] [5] which acts as an initial mechanotransmitter. The GCX is a hydrated structure containing a wide variety of blood-borne and membrane-bound macromolecules 19 , including Integrative Biology Accepted Manuscript glycosaminoglycans (GAGs) bound to core proteins (proteoglycans). Heparan sulfate (HS) is the most prominent endothelial GCX GAG and makes up over 50% of the total GAG content 20 . The proteoglycan core proteins that covalently bind HS are the transmembrane syndecans (SDC)-SDC1, 2, and 4-and the membrane bound glypican-GPC1-that is linked to lipid rafts and caveolae 21 .
Among the syndecans, SDC1 is mainly apical, and SDC2 and SDC4 are primarily basal. The syndecans have extracellular HS binding sites near their N-terminus, remote from their transmembrane attachment point 22, 23 . SDC1 also contains extracellular chondroitin sulfate (CS) linkage sites closer to the membrane 24 . On the cytoplasmic side of the plasma membrane, the syndecan tails associate with the cytoskeleton 25 and assist in its organization, through molecules including tubulin and dynamin 26 .
Glypican, on the other hand, is entirely extracellular, lies close to the plasma membrane, and covalently binds HS and no other GAG 27 . GPC1 is bound to the plasma membrane through a C-terminal glycosylphosphatidylinositol (GPI) anchor 27 . GPC1 resides in the cholesterol-and sphingolipid-rich membrane rafts, particularly caveolae, which are involved in cell signaling [27] [28] [29] . Within caveolae, GPC1
has the potential to interact with numerous flow-regulated signaling molecules including endothelialtype nitric oxide synthase (eNOS) 30 . Heparan sulfate GAG together with its syndecan and glypican proteoglycans, as well as other GCX components, are continuously shed and synthesized by EC in order to adapt to local environmental changes [31] [32] [33] [34] [35] [36] such as alterations in blood flow.
The GCX layer senses fluid shear stress through its GAG components and transmits mechanical force through the solid core proteins to cellular sites where mechanotransduction takes place 4 . We have shown that degradation of HS, using heparinase III (HepIII), inhibits mechanotransduction events that occur at the cell membrane, in the cytoskeleton, and at the intercellular junctions. For example, shear induced NO production by cultured bovine aortic endothelial cells (BAEC) over 3 hrs was completely blocked when cells were pretreated with 15 mU/mL of HepIII 2, 3 . In the same cell type, shear-induced elevation in NO production led to increased endothelial layer hydraulic conductivity, but the response was blocked when HS was compromised by HepIII treatment 37 . Rat fat pad endothelial cells (RFPEC) exposed for 5 hours to 11 dyne/cm 2 fluid shear stress exhibit 4 . These responses were inhibited when HS was enzymatically degraded 4 . In other studies, BAEC treatment with HepIII blocked 24-hour shear-induced EC elongation and alignment in the direction of flow as well as flow-induced suppression of EC proliferation 5 . These studies confirm that endothelial GCX HS is essential for flow-induced cell signaling and related remodeling. However, the HS core proteins involved in these mechanotransduction events are unknown.
We hypothesize that GPC1 is the heparan sulfate proteoglycan (HSPG) that mediates flowinduced NO signaling via eNOS activation that occurs in plasma membrane caveolae where GPC1 is anchored. To our knowledge, GPC1 has no direct association with the cytoskeleton, which suggests that GPC1 plays no role in flow-induced EC remodeling. We further hypothesized that SDC1 is the core protein involved in flow-induced EC remodeling through its association with the cytoskeleton by which it can transmit signals to basal adhesion plaques, intercellular junctions, and other cellular sites. We believe that SDC1 is more likely than SDC2 and SDC4 to participate in flow-induced EC remodeling because of its location on the apical endothelial surface in direct contact with fluid shear stress.
Although syndecans interact with signaling molecules which are involved in eNOS activation, such as protein kinase C-α 38 , the fact that they lie outside of the caveolae where the majority of membrane associated eNOS is stored 39 suggests that SDC1 plays a secondary role in flow-induced EC signaling via eNOS.
To test our hypotheses, BAECs with intact GCX, HepIII degraded HS, RNA-silenced GPC1, or RNA-silenced SDC1 were exposed to 12 to 15 dyn/cm 2 steady shear stress for 3 to 24 hours. Total and activated (ser1177 phosphorylated) eNOS protein were measured, cell morphology was evaluated, and cytoskeletal organization was assessed. The results confirm our hypotheses and demonstrate the selectivity of GCX core proteins in mediating the two most characteristic mechanotransduction events associated with EC function. reduction of glypican-1 ( Figure 2C ). However, glypican-1 shRNA also reduced non-target syndecan-1 protein expression by 36.7 ± 0.03% ( Figure 2C ). Syndecan-1 shRNA resulted in 62.0 ± 0.09% reduction of syndecan-1 in BAEC ( Figure 2D ). Syndecan-1 shRNA had no effect on non-target glypican-1 expression ( Figure 2D ). For control purposes, we initially confirmed that BAEC treatment with the transfection media, reagent, and vector-OptiMEM, Optifect, and scrambled shRNA or GFP-expressing vector-induced no toxicity and no change in SDC1 or GPC1 expression levels ( Figure 2B ). We visualized the GFP-expressing vector transfected in live BAEC to see in real-time how effectively the RNA interfering shRNA was delivered into and then stabilized in BAEC cultures. The efficiency of the stable shRNA transfection, as indicated by the percentage of BAEC expressing the GFP control shRNA, was 80% to 90% ( Figure 2A ). HS immunofluorescence results from additional control experiments confirmed the loss of HS coincident with primary reduction of GPC1 core protein expression and secondary reduction of SDC1 core protein expression using the GPC1 shRNA (Supplemental Figure 1) . These control experiments were not performed on SDC1 shRNA treated BAEC, due to the untimely discontinuation of the commercially available HS antibody that was used for this study. in shear-induced NO production in BAEC that was completely blocked by treatment with Hep III at the same concentration we have used [3, 4] .
Knockdown of the HS-binding core protein GPC1, along with off-target low level knockdown of SDC1, completely blocked shear-induced activation of p-eNOS (Fig 3 C,D) . In static controls, the peNOS levels of untreated BAECs and GPC1-silenced BAEC were similar. Thus, like HS, GPC1 does not participate in eNOS activation in static conditions but only in the presence of flow. The question remains whether or not SDC1 knockdown by GPC1 shRNA (Fig 2) contributes to the inhibition of shearinduced p-eNOS.
To address this point, when BAEC were transfected with SDC1 shRNA, which exclusively targets SDC1 and not GPC1 (Fig 2) , flow-induced p-eNOS expression was not inhibited (Figs 3E and 3F). There was a small but significant increase in p-eNOS expression of unsheared SDC1 knockdowns compared to untreated unsheared BAEC conditions, but shear-induced p-eNOS was still up-regulated significantly relative to the SDC1 knockdown static controls. 
HS and
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We attempted to perform similar 24-hour cell remodeling experiments with SDC1 shRNAtreated BAEC. We found, however, that BAEC monolayers with reduced SDC1 expression were unable to maintain their integrity under long term shear. Thirty to 40 percent of cells were lost from the monolayer after flow conditioning (Supplemental Figure 2) . In lieu of 24-hour studies of SDC1 knockdown remodeling, 6-hour experiments were undertaken. In these experiments, we performed phase contrast microscopy together with cell aspect ratio and orientation angle analysis. In addition, confocal microscope immunofluorescence images of stained f-actin fibers were qualitatively assessed.
The results of these experiments are summarized in figure 5. We observed and confirmed that control EC exhibit cobblestone shape morphology and show no preferential alignment in any angle from 0° to ± 90° angle ( Figure 5A , grey e in Figure 5E , and grey columns in Figure 5F ). Control BAEC f-actin fibers were organized randomly within the cell body (Figures 5A). After 6 hours of flow exposure, untreated ECs showed the beginnings of elongation with a 1.14 ± 0.02 fold increase in aspect ratio (Fig 5D) . 6-hr flow-conditioned EC showed the start of inclination towards the direction of flow, with the major axes of 17 ± 3 % of the flow-conditioned cells (compared to ~8.5% of the static conditioned cells) oriented between 0° and ± 10° with respect to the direction of flow ( Figure 5B and black columns in 5E).
Untreated BAEC that were shear conditioned for 6 hours displayed f-actin fibers that were well oriented in the direction of the cellular long axis ( Figure 5B ). Knockdown of SDC1 interrupted EC remodeling during 6 hours of flow. Shear-conditioned and SDC1-silenced BAEC showed no change in aspect ratio ( Fig 5D) and no preferred orientation relative to static controls (Fig 5F) . Angles were distributed nearly equally in all possible directions ( Figure 5C , 5D, and black columns in 5F). The f-actin fibers in sheared knockdown cells appeared just as disorganized as those of untreated and unsheared controls ( Figure   5C ). .
In the present study, we determined the core proteins that mediate the NO and remodeling responses by manipulating (i) the HS GPC1 core protein that is bound to caveolae [27] [28] [29] where it may interact with eNOS and (ii) the transmembrane HS SDC1 core protein 22, 23 that has a linkage with the cytoskeleton 25 which determines cell shape.
Using BAEC monolayers whose mechanotransduction characteristics are well known, we degraded HS with HepIII enzyme; knocked down GPC1 expression with GPC1 shRNA transfection;
and knocked down SDC1 expression by SDC1 shRNA transfection. Our measured 67% HS fluorescence intensity on untreated BAEC monolayers (Fig 1) corroborates HS coverage on EC as measured by Megens et al 48 and Robinson and Gospodaroqicz
49
. The 15 mU/mL HepIII concentration that we used and the 46% HepIII-induced decrease in HS fluorescence (Fig 1) are in agreement with our previously reported mechanotransduction studies 4, 5, 48, 49 . Therefore, we are confident that we degraded enough HS on our cultured BAEC to effectively block flow-induced endothelial NOS activation and remodeling. We previously reported that less than 5% of non-targeted GCX components are removed by this concentration of HepIII
50
. Thus we know that the enzyme allowed us to study the effects of HS selectively.
Since HepIII treatment leaves the GPC1 and SDC1 core proteins intact, we selectively silenced GPC1 or SDC1 by RNA interference in order to determine if there was a resultant loss of mechanotransmission similar to what we and others have observed in response to HS degradation. In silencing GPC1 by 73%, we also reduced SDC1 by 37% (Fig 2C) . The GPC1 shRNA sequence does not share complementarity with the SDC1 transcript, and therefore, simultaneous knockdown of GPC1 and SDC1 is not an off-target effect of the shRNA itself. An explanation for the double hit effect of the GPC1 shRNA may simply be that glypican-1 removal disrupts HS binding to syndecan-1 and subsequently interferes with HS dependent transmembrane anchoring of syndecan-1. Fortunately, direct silencing of SDC1 did not noticeably impact GPC1 (Fig 2D) , enabling us to separate GPC1-dependent mechanotransmission from SDC1-dependent mechanotransmission.
We observed HS-dependent, flow-induced eNOS phosphorylation (Fig 3 A,B ) that is consistent with previously reported alterations in NO production, also dependent on flow and the presence or absence of HS [3, 4] . Substantial knockdown of GPC1 along with a lesser reduction in SDC1
completely blocked shear-induced eNOS phosphorylation (Fig 3C and 3D ), similar to that associated with HS degradation. This complete suppression of flow-induced eNOS phosphorylation is due solely to the loss of GPC1, because flow-induced p-eNOS remains significantly elevated following exclusive SDC1 knockdown (Fig 3 E,F) . These results confirm that GPC1 is the major HSPG core protein regulator of flow-induced eNOS phosphorylation. We have supplementary data that further supports this conclusion. Figure S3 shows data from membrane fractionation experiments that clearly indicate the co-localization of GPC1 and caveolin-1 in the membrane raft fraction. More specifically, GPC1 is present in caveolae membranes where its expression increases in response to flow.
In agreement with previous reports 4, 5 , our results demonstrate that HS is required for flowinduced changes in EC shape to occur (Fig 4) . In contrast, knockdown of GPC1 has little effect on flowinduced changes in cell morphology (Fig 4) . EC elongation after 24-hour flow exposure is completely preserved with 73% reduced GPC1 expression (Fig 4) . EC alignment is also largely preserved (Fig 4) .
Specifically, flow induced alignment of 55 ± 5% of untreated cells, while a still significant 38 ± 4% of GPC1-silenced cells became aligned in the direction of flow. The percent alignment difference between the two conditions was not found to be statistically significant. Partial (37%) reduction of SDC1 as a side effect of GPC1 shRNA transfection may have been the reason why GPC1-silenced EC alignment in the direction of 24-hour flow was somewhat reduced compared to the untreated EC (Fig 4) .
The effect of SDC1 knockdown on flow-induced EC remodeling was more difficult to assess.
BAEC monolayers with substantially (67%) reduced SDC1 expression could not maintain their integrity under 24-hour shear (supplemental Fig 2) . We suspect that when SDC1 is substantially reduced it is not available to function as a co-factor for proteins that are responsible for stabilizing cell-cell or cellsubstrate adhesion. Integrins are likely co-factors for SDC1. Previous studies of SDC1-deficient cells and mice indicate that SDC1 regulates cell adhesion and spreading via integrins 51, 52 . In our study, it is likely that the reduction of SDC1 disrupts the integrin attachments. In the absence of robust integrin attachments, it is difficult to study the role of SDC1 in 24-hr flow-induced EC elongation and alignment.
Therefore we decided to perform shorter term 6-hour shear experiments in which the EC cytoskeleton becomes noticeably reorganized and the EC bodies begin to incline in the direction of flow. The knockdown of SDC1 inhibited 6-hr flow-induced cytoskeleton reorganization, elongation and inclination towards the flow direction (Fig 5) , suggesting that SDC1 is in fact essential for the cytoskeleton to sense extracellular flow and for EC remodeling to occur. Due to the fact that we observed SDC1 shRNA treatment to disrupt cell adhesion and integrity in the long-term flow experiment, one might interpret integrin inactivation to be partly responsible for reduced cytoskeleton reorganization following SDC1 shRNA transfection in EC in 6 h experiments. We can not rule out this possibility at the present time although we did not observe any changes in cell morphology that would be indicative of altered cell-substrate adhesion in the 6h experiments.
In summary, we have shown that GPC1 and SDC1 selectively participate in two distinct and well-characterized flow-regulated EC functions. GPC1 mediates shear-induced eNOS activation but not EC remodeling in response to flow. SDC1 is involved flow-induced EC elongation, alignment, and cytoskeleton reorganization and plays no role in flow-induced eNOS activation. Table 1 : Glypican-1 and syndecan-1 shRNA sequences are specified.
MATERIALS AND METHODS
Cell
12 µl of Optifect transfection reagent (Invitrogen) in 2 ml of reduced-serum OptiMEM (Invitrogen) transfection medium was used to facilitate the transfection. For control purposes, groups of EC monolayers were (i) not transfected, (ii) transfected with OptiMEM, Optifect, the vector (in which the shRNA was packaged to facilitate introduction of the shRNA in the cells), and scrambled shRNA sequences (proprietary; Santa Cruz Biotechnology), or (iii) transfected with OptiMEM, Optifect, the empty vector, and GFP. After 12 hours, the transfection medium was replaced with GA-1000-free culture medium. After another 36 hours, to generate stably transfected cell lines, 2.5 µg/ml of puromycin antibiotic was added to the culture medium along with the original 0.1% GA-1000. GPC1
and SDC1 protein suppression were demonstrated by Western blots and densitometric analyses (see further methods below). The transfection was allowed to stabilize, and cells were expanded, usually within two weeks before shear stress experiments were performed. During shear stress experiments, GPC1 and SDC1 knockdown BAEC were exposed to puromycin-containing experimental medium.
Shear Stress Experiments: BAEC were sheared in a parallel plate flow chamber (C&L Instruments) for 3 or 6 hours, or BAEC were sheared in a rotating disk flow apparatus (supplemental information) for 24 hours. In the parallel plate flow chamber, with a cell contact surface area of 6.6 cm 2 and a channel height of 250 µm, confluent BAEC monolayers were sheared at 15 dyne/cm 2 . Since all cells were exposed to the same magnitude of shear stress, the entire monolayer was suitable for protein quantification. Fluid was driven through the parallel plate chamber from a multi-head peristaltic pump (Rainin) then via a vibration damper, followed by the flow chamber, and finally a receiving reservoir before being re-circulated. The rotating disk apparatus was custom designed to shear BAEC grown in a 6-well plate, in order to maximize the number of experiments that could be performed in a 24-hour time period (supplemental information). In each well, the cell contact surface was 2.7 cm 2 on a 3.1-cm diameter round glass coverslip fixed to the bottom of the well using sterile silicone grease (supplemental information). 6 cylindrical disks were suspended at 500 µm above 6 cell layers. Using a motor drive, the disks were simultaneously rotated at the number of rotations per minute required to generate an average shear stress of 14 dyne/cm 2 (supplemental information). The parallel plate and rotating disk flow systems were both maintained in an incubator at 37 °C with a supply of 5% CO 2 . At the end of the experiments, samples were processed as described below.
Whole Cell Protein Extraction and Western Blotting:
Whole cell protein was extracted from cells using lysis buffer containing 1 mM sodium bicarbonate, 2 mM phenylmethylsuphonyl fluoride, 1 mM sodium orthovanadate, 5 mM EDTA, and 1X complete protease inhibitor cocktail (Roche Laboratories). After scraping and collecting the cells, the extracts were sonicated briefly and frozen at - and GPC1 shRNA-treated BAEC; and lane 12 is shear and SDC1 shRNA-treated BAEC. Numbers 1 through 12 follow the order of the bar plots, which quantify the p-eNOS densitometric analysis. P-eNOS densitometry values were normalized by beta-actin, followed by total eNOS, and finally by the control.
The data was averaged and is expressed as mean +/-SEM. *P < 0.05 is statistically significant compared to other conditions in the data set; # P < 0.05 is statistically significant compared to control (unsheared) SDC1 shRNA; n = 8 EC monolayers per condition studied. 
